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Fig. 2-12 History of pressure, temperature and velocity in 2 vessel model?
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Fig. 2-13 Pressure, temperature and velocity in 2 vessel model?
13 
 
??????? ???????????????
? ??????????????????????????????????????? ??????????????
???????????????????????????????????????????????
?????????????????? ???? ??????????????????????????????
??????????????????????????????????????????????????????????????? ???
???????????????????? ????? ?????
?????????????????????????????????????????????????? ? ? ????
??
? ? ????? ??
??
???
?
? ? ??????
???
? ? ?????????????????????????????????????????????????????????????????
???????????????????????? ???? ?????????????????????????
????????????????????????????????????????????????
????????????????????????
?1 
p1 U2 p2 ?2 ?3
p3S2 
Theory 
Cal. 
Pressure ratio p3/p1 
M
as
s f
lo
w
 ra
te
 (k
g/
s m
2 )
?
Fig. 2-14 Validation for calculation scheme with theoretical values?
Validation model for mass flow in pipe
Location (mm)
(P3/P1) 
(0.8) 
(0.7) 
(0.6) 
(0.5) 
(0.4) 
(0.3) 
(0.2) (0.1) 
(0.9)
(0.8)
(0.7)
(0.6)
(0.1-0.5)
(0.1-0.5) 
(0.6)
(0.7)
(0.8)
(0.9)
(0.9) 
In pipe 
Location (mm) Location (mm)
In pipe In pipe
Fig. 2-15 Pressure, temperature and velocity distribution in pipe?
 P
re
ss
ur
e 
(M
Pa
)?
Te
m
pe
ra
tu
re
 (K
)?
V
el
oc
ity
 (m
/s
)?
  ?
?
?
?
?
??
??
?
?
??
?
?
????? ???
?????
??????
??????
??????
?????
????
??????
??????
?????
P
(M
P
)
P
(M
P
)
Flow
?????
?????
? ???? ?
?????
?????
?????
??????
?????
?????
?????
Pr
es
su
re
(M
Pa
)?
Pr
es
su
re
(M
Pa
)?
E
??
??
Fig. 2-16
TDC : To
 in?
(TDC)?
?????
?????
???????
?????
?????
?????
?????
?????
?????
?????
Crank angl
C
E
X?
 Pressure wa
(1
(TDC)
p Dead Cente
?????
?????
?????
?????
?????
?????
?????
?????
?????
??????
e (deg)?
Cal.
Exp.
al.?
xp.?
IN
?
??
ves in surge 
.6L gasoline
? (TD
r?
14 
?
?????
?????
?????
?????
?????
?????
?????
?????
?????
 P
re
ss
ur
e 
(M
Pa
)?
 P
re
ss
ur
e 
(M
Pa
)?
?
?
tank, intake m
 engine 4000
C) (T
?????
?????
?????
?????
?????
?????
?????
?????
?????
Cran
EX
?
?
anifold and
rpmWOT)  
DC)
?????
?????
?????
?????
?????
?????
?????
??????
?????
k angle (deg)
Cal.
Exp.
Cal.
Exp.
 exhaust man
?
(TDC)
EX : Exhau
IN : Intake
?????
?????
?????
?????
?????
?????
?????
?????
?????
?
IN?
ifold 
(TDC)?
Flow 
st valve open?
 valve open?
?????
?????
?????
?????
?????
?????
?????
?????
????
out
15 
 
???? ????????????
?????? ???????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????????????????????
????????????????????????????????????????????????
???????????????????????????????????????????????
?????????? ???? ? ? ??????? ???????????????????????????
?????????? ????? ???????????????? ????? ???????????????
??????????????????????????? ????? ?????????????????
???????????????????????????????????????????????
????????????????????????????????????
?
?????? ?????????
?????????????????
? ?????????????? ?????????????????????????? ??????????????
???????????????????????????????????????????????????
?????????????????????????????????
????????????????????????????????????????????????????????????????????????????????? ? ???????????????????????????????????????????????????????????????????????????????????????????????????
???? ?????????????????????????????? ???????????????????????
???????????????? ???????? ???????????????????????
???????????????????????????????????????????????????????????????????????????? ? ?? ?? ? ???????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????? ? ? ?? ? ??????????????????????????????????????????????????????????????????????????????????????????????
?
?????????????????????????????????????
? ????????????? ????????????? ??? ??????????????????
?????????????????
????????????????????????????????????????????????????????????????????????????? ? ?? ? ???????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????????????????????? ? ?? ? ????? ? ??? ? ???? ? ?????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????
????????????????????????????? ????????????????????????????
???????????????? ?? ????????????????????????
16 
 
????????????????????????????????????????????????????????????????????????????? ?
??? ? ????
?? ?????????????????????????????????????????????????????????????????????????????????????????
????????????????? ? ???????????????????????????????????
?????????????
?
??????????????
? ?????? ??????? ???? ????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????? ? ? ??? ?????????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????? ? ? ??? ????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????? ? ???? ? ?? ? ???? ? ?? ??? ????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????? ? ?? ? ?? ? ?? ? ?? ? ?? ? ?? ? ?? ??? ? ? ???? ? ?? ??? ?????????????????????????????????????
????????????????? ???????????????????????????????????????
????????????????????????????????????????????
?
???????????????????
? ??????????????????????????????????????????????
???????????????????????????? ????????????? ??????????????
??????????????????????
?????????????????????????????????????????????????????????????????????????????? ?? ? ???? ??????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????? ??????????????
? ????????????????????????????????????? ???? ????????????
??????????????????????????
????????????????????????????????????????????????????????????????????? ?
? ? ???? ? ?? ? ?????
? ??????????????????????????????????????????????????????????????????????????
? ?
????????????
??????????????? ??????? ???????????????????????????? ???????
???? ????????????? ?????????????????????????????????? ?????????
??????? ???????????????????????
?
L R
X
c
(a,b)
Fig. 2-17 Schematic of crank structure
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Fig. 2-18 Definition of heat release pattern and combustion efficiency?
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Fig.2-19 Calculation procedure of two zone combustion model. 
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Fig.2-20 2-zone combustion model concept for diesel combustion??
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Table 3-1 Gasoline PRF simplified elementary chemical reaction model in this work. (cm3-mol-sec-cal units)
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Fig.3-3 Combustion sub-model code and engine performance simulator link system 
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Fig. 3-5 Example of temperature and chemical species 
characteristics in unburned zone calculated with LTO 
(1500rpmWOT) 
Fig. 3-4 Example of improved in-cylinder 
pressure prediction calculated with LTO 
(1500rpmWOT)  
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Table 5-1 Engine specification 
?
?
Table 5-2 Engine drive condition 
 Case1 Case2 Case3 
Engine speed  rpm 3800 2000 2000 
Brake torque  Nm 311 355 179 
Swirl ratio 1.96 1.96 2.24 
Injection pressure  MPa 175 100 93 
Number of injection 1 2 2 
Total injection quantity*1 mg/st 71.0 63.2 35.9 
Excess air ratio 1.29 1.45 1.50 
EGR ratio %   0.0 0.0 15.9 
*1: Adjusted to surrogate fuel(C14H28) 
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Bore × Stroke  mm 98.5×105.0 
Connecting rod length  mm 159.5 
Number of cylinder 4 
Compression ratio 17.0 
Number of nozzle holes 6 
Injection Angle  deg. 145 
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Table 5-5 Diesel surrogate fuel simplified elementary chemical reaction model. (cm3-mol-sec-cal units)?
????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????
?? ????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
? ? ?????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
? ????????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
? ????????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
? ????????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
??? ??????????????????????????????????????????????????????????????????????????????
? ????????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
? ????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
??
?? ???????????????????????????
???? ????????????????????????????????????????????????????????????????????????????
???? ????????????????????????????????????????????????????????????????????????????
???? ????????????????????????????????????????????????????????????????????????????
???? ????????????????????????????????????????????????????????????????????????????
??
?? ??????????????
???? ?????????????????????????????????????????????????????????????????????????????
? ????????????????????????????????????????????????????????????????????????????????
???? ?????????????????????????????????????????????????????????????????????????????
? ???????????????????????????????????????????????????????????????????????????????
???? ?????????????????????????????????????????????????????????????????????????????
? ???????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????
64 
 
?????? ??????????
? ?????????????????????????????? ????????????????????????????
????????????????????????????????????? ?????? ? ??????? ?
??????? ?????????????????????????????????????? ???????? ??????
????????????????????????????????????????????????
????????????????????????????????????????????????
? ? ????????? ??? ????????? ??? ??????????????????????????
???? ?? ?? ?????????????????????????????? ??????????????
???????????????????????????
?
Fig. 5-20 Results of chemical kinetics calculation with elementary chemical reaction model (Table 5-5)  
(1) Equivalence ratio:?=0.7? (2) ?=1.0 (3)?=1.4
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Fig. 5-26 Ignition delay comparison between chemical calculation and Livengood-Wu integral at 8MPa
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Fig.5-27 Combustion characteristics of chemical and simplified calculations 
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Fig.5-28 Results of chemical and simplified calculations (2.2L 4cylinder, 1500rpm, EGR23%) 
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Fig.5-30 Differences of combustion characteristics after pre injection between chemical  
and simplified calculations 
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Fig. 5-33 Calculation time of several algorithms?
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Fig. 5-35 Proportional pitch calculation mesh
 at 140degATDC?
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Fig. 5-34 Temperature and mole fraction before and after self-ignition at constant pressure 
(a) Equivalence ratio: ?=0.7 (b) ?=1.0 (c) ?=1.4
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Fig. 5-37 Calculation time of several algorithms for KIVA code 
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Fig. 5-38 Results of chemical reaction and chemical equilibrium calculations 
 (2.2L 4cylinder, 1500rpm, EGR23%) 
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Fig. 5-39 Computational flowchart of chemical reaction and equilibrium hybrid calculation method 
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Fig. 5-40 Results of chemical reaction and equilibrium hybrid calculation 
 (2.2L 4cylinder, 1500rpm, EGR23%) 
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Fig. 5-41 Calculation time advantage of chemical reaction 
and equilibrium hybrid calculation method?
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Fig. 5-43 Calculation time advantage by using parallel computation?
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Table 5-8 Constants of Hiroyasu-NSC model 
Symbol Contents (unit) Value
Asf Constant of Hiroyasu model 350
Aso Constant of NSC model 2.5
Ds Soot diameter (cm) 2.5 x 10-6
?s Soot density (g/cm3) 2.0
Wc Molecular weight (g/mol) 12.0
R Universal gas constant (cal/mol K) 1.987
?
?????? ?????????
? ?? ??????????? ??????? ????????? ???????? ??? ?????????????????
????????
?
?????????????????????
????????????????????????????? ? ???? ????? ???? ????????
???????????????????????????????????????????????
????????????????????????????????????????? ?? ? ???? ?
?????????????????? ???????????????????????????? ????
???????????????????????????????????????????????
??????????????????????
? ?
Fig.5-44 Calculation results before improving NO and soot calculation measures  
(2.2L 4cylinder, 1500rpm, EGR23%) 
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Fig.5-45 Orthogonal calculation mesh developing procedure with Laplace and Poisson equations?
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Fig.5-46 Effect of calculation mesh quality on equivalence ratio and soot concentration in piston cavity
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Fig.5-48 Effect of calculation mesh density on soot generation and?oxidization and heat release ratio?
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Fig.5-49 Effect of calculation mesh density on soot transportation?
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Table 5-9 Prompt NO model used with chemical reaction model in Table 1 (cm3-mol-sec-cal units)????????????????????????????????????????????????????????????????????????????????????
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Fig.5-50 NO generation properties by extended Zeldovich mechanism with and without prompt NO model 
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Fig.5-51 Calculation results after improving NO and soot calculation measures 
(2.2L 4cylinder, 1500rpm, EGR23%)?
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Fig.5-52 NO-Soot tradeoff curve by prompt NO model and Hiroyasu-NSC soot estimation  
(2.5L 4cylinder, IMEP=0.9MPa) 
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Fig.6-4 In-house automatic calculation software and output data analysis software?
Selected line
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column
(1) Automatic calculation software (2) Output data analysis software
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Table 6-1 Engine specification 
Bore mm 86 
Stroke mm 97 
Number of cylinder 4 
Displacement L 2.254 
Compression ratio 14.9 
Number of nozzle holes 10 
?
Table 6-2 Engine drive condition 
Engine speed min-1 2000 
Swirl ratio 2.8 
Injection pressure MPa 87 
Number of injection 2 
Total injection quantity*1    mg/st 22         
Excess air ratio 1.30 
EGR ratio % 11.0 
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Fig. 6-10 Needle valve lift and injection velocity?
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Table 6-4 List of the selected candidates?
Point Total-injection 
mg/st 
Pre-injection 
mg/st 
Injection timing
deg.ATDC 
?i 
- 
NO 
ppm 
ROHRmax
J/deg. 
? 21.00 2.0 3.5 0.440 288 60.3 
? 21.16 3.0 4.0 0.440 266 51.5 
? 21.19 2.5 4.0 0.440 268 55.7 
? 21.24 2.0 4.0 0.433 265 57.7 
? ?
????????????????????
? ???? ????????????????????????????? ???????????????? ??
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Fig. 6-19 Temperature, equivalence ratio, NO and CO distributions (Point ?) 
Fuel droplet
(Colored aria condition)
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Fig.7-1 Sample of direct acting valve train model
Fig.7-2 Non-linier characteristics 
of valve spring 
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Fig.7-3 Precision of calculus of finite differences with second order accuracy ?
  
110 
 
????????????????????????????????????????????????????????? ???? ?
???
???
???
? ? ?
??? ??? ???
??? ??? ???
??? ??? ???
? ?
??
??
??
??????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????? ?
??
?? ? ??? ??? ?
?
?? ?
?
???
? ??
?
? ????????????????????????????????????????????????????????????
???????????????????????????????????????????????????? ?
??? ??? ?
?
?? ?
?
???
??? ??? ?
?
???
??? ?
?
????? ??
?
??
?
? ????????????????????????????????????????????????????
???????????????????????????????????????????????????? ?
??? ??? ?
?
?? ?
?
???
??? ??? ?
?
???
??? ?
?
????? ??
?
??
?
? ????????????????????????????????????????????????????
??????????????????????????????????????????????????????????? ?
??
??? ??? ?
?
??? ? ???
?
?? ?
?
???
?? ?? ??????????????????????????????????????????????????????
??????????????????????????????????????????????????????????? ?
??? ??? ?
?
???
?? ??? ?
?
????? ??
?
?
?
? ???????????????????????????????????????????????????????
????????? ??? ??? ??????????????????????????? ???????????????
????????? ????? ? ??? ?????????????????????????? ? ??? ????
? ? ??? ??????????????????????? ???????? ???????????????????
??????????????????????????????????????????? ??? ???
??? ?????????????????? ?? ? ??????????????????????????????? ?
?????????????????????????????????? ?????????? ??????
???????????????????????????????????????????????
???? ??????????????????????????????? ??????? ???????????????
??????? ?????????????????
? ?
k1?
m1? m2? m3?
k2? k3? k4?
k1 = k2 = k3 = k? = k
m1 =m2 =m3 =m
x1? x2? x3?
m4
k5
x4
(1) Spring model
(without close coil)
(3) Assembled model
(without close coil)
(2) Spring model
(with close coil)
Fig.7-4 Multi mass calculation model for valve spring?
m1? m2 m3
k1? k2 k3 k4
x1 x2 x3
m4?m1 m2 m3?
x4?x1 x2? x3?
k1 k2? k3? k4?
  
111 
 
???? ???????????
??????????????????????
? ??????????????????????????????????????????????
?????????? ? ????????????????????????????????????
??????????????????????? ?????????????
? ??? ????????????????????????????????????????????????
????????????????????????? ?????????????????????????
????????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????????????????
?????????????????????????????????????????????? ???????
???????????????????????????????????????????????
???????????????????????????????????????????????
??????? ?????????????????
Cam lift?
Li
ft 
(m
m
)?
Valve acceleration?
Lo
ad
 (N
)?
Lo
ad
 (N
)? Cam load (k9)?
Spring load(k1)? Spring static load 
Spring load(k7)
Coil contact at closer wound?
m7
m?
Valve-train load?
(designed)?
D
is
pl
ac
em
en
t (
m
m
)?
(Cam Lift)
??????
???
???
??
???
???
???
???
???
???
???
???
???
???
???
???
???
???
???
???
???
???
??
??????
? ?????
??????
? ?????
??? ?????
Spring load(k1 )?
Fig.7-5 Example of direct acting valve-train calculation (7500rpm)?
Collision between?
  cam and tappet?
Lo
ad
 (N
)?
120
80
40
0
-40 V
al
ve
 A
cc
el
er
at
io
n?
(m
m
/ra
d2
)?
Crank angle (deg.ATDC)
(a)?
(b)?
(c)?
(d)?
(e)?
  
112 
 
?????????????????????
? ???????????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????? ??? ?????
???????????????????????????????????????????? ???????????
???????????????????????????????????????????????
????????? ?????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????????? ????????????????
???????????????????????????????????????????????
?????????????????? ????????????????????????????????
????????????????????????????????????????????????
?????????????????????????????????????
?
Lo
ad
 (N
)
Cam lift
Valve lift
Crank angle (deg.ATDC)
m7
m?
Cam load (k9)
Valve lift
Difference between
cam lift and valve lift
Spring static loadSpring load(k1)
Valve-train load
(designed)
Collision
 at returning from jump
Jump Bounce
Lo
ad
 (N
)
Li
ft 
(m
m
)
D
is
pl
ac
em
en
t (
m
m
)
D
is
pl
ac
em
en
t (
m
m
)
(Cam Lift)
c1k1
m1
k9
f0
m2
m3
m4
m5
m6
m7
k2
k3
k4
k5
k6
k7
c2
c3
c4
c5
c6
c7
k8
Closer
 pitch
Normal
 pitch
c9 xl1c8
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Fig.7-8 Example of swing arm type valve-train calculation (Rocker ratio 1.4)
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Fig.7-9 Spring movement animation of direct acting type (7500rpm)
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Fig.7-10 GUI for valve-train simulator?
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(C) Graphic display of calculation results  
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Fig. C-1? Riemann’s shock tube problem model?
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Fig. D-1? Parameters of heat transfer calculation model of pipe?
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Table E-1 Thermodynamic table (reference E-3)?
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Fig.E-1 Gibbs free energy minimization method.
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Fig.F-1? Schematic of turbine and compressor.
Fig.F-2? Turbine flow characteristic 
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Rvt=( Turbine peripheral velocity)
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Fig.F-3 Turbine efficiency curve?
Minimum Efficiency (?tmin)
Maximum Efficiency (?tmax) 
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Fig.F-4 Compressor efficiency map
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Fig.G-1 Parameters in polar coordinate 
system. 
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Fig. H-1? Refined Tsurushima model (n-Heptane,?=1.0,Constant pressure 4MPa) 
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( Reaction)? ? ? ? ? ? ? ? ? ? ? ? ?       ? (A)? ? ? ? (?)? ? (E) 
? ? O2 + H         =  OH + O                        9.756E+13    0.000  14844.6 
? ? H2 + O         =  OH + H                        5.120E+04    2.670   6278.7 
? ? OH + OH       =  O + H2O                       1.510E+09    1.140    100.4 
? ? OH + HO2      =  H2O + O2                      2.890E+13    0.000   -497.1 
Table. H-1 Additional reactions to Tsurushima model. Unit: cm3-cal-mol-K
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Fig. H-2? Ignition delay of RON 0,80,100 fuel (n-Heptane,?=1.0,Constant pressure 4MPa)?
Calculation results of original Tsurushima 
model and experiment values(H-2)
Refined? Original?
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Fig. H-3? Temperature history of refined Tsurushima model (n-Heptane,?=1.0,Constant pressure 4MPa)?
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Fig.I-1? Schematic of injector model.
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Fig.J-3 Functional cam (ascent side).
H
?1
?0
x
1
?2
Base(?1)
B
x
2
Base(?2)
Acceleration?
Lift?
Velocity?
151 
  
????????????????????????????????????????? ?
?
? ???? ? ?
???? ?????? ?
?
????? ?
? ? ? ?????? ? ???????????? ? ??????
??????????????????????????????????????????? ????
????????????????????????????????????????????????????? ?
?????
??? ? ??
? ?? ??
? ? ? ?
???????? ? ???
????
???????????????????????????????????????????????????? ????
????????? ?????????? ??? ? ?????????????????
???????????????????????????????????????????????????????????????????????????? ? ????????????????????????????????????????????????????????????????????????????????????????? ????
????????????????
? ?????????? ? ??????????????
????????????????????????
?????
???????????????????????? ? ????? ? ??? ? ??????????????????????????? ????
????
????????????????????? ?
??
??? ??
? ? ?????
? ? ?????????????????????? ????
???????
??? ????? ?
??
???? ??
? ? ?????
? ? ?????
? ? ?????????????? ????
????????? ?????????????????
???????????????????? ? ????? ? ??? ? ? ? ????????????????????????????????
??????????????????????????? ? ?????? ?
??
?? ?????????????????????????????????? ????
????????????????
?????
???????????????????????????????????????????????????????????????? ? ????? ? ??????????????????????????????????????????????????????????????????????????????????????? ????
????
??????????????????????????????????????????????????????????? ?
??
??? ??
? ? ????? ????
? ? ??????????????????????????????????????????????????????????????????????????? ????
???????
?????????????????????????????????????????????? ????? ?
??
???? ??
? ? ????? ????
? ? ???? ? ???????????????????????????????????????????????????????????????? ????
???????? ??? ????????????????????????????????????????????
????
???????????????????????????????????????????? ? ?
????? ? ???????? ? ?????? ? ????????
???????? ? ?????
??????????????????????????????????????????????????? ????
???????????????????????????????????????????????????????????? ? ?
???????? ? ??? ? ????
????
????????????????????????????????????????????????????????????????????? ????
? ?
Fig.J-4 Functional cam (descend side).
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